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ELECTRON BEAM WELDING 
 

Laser heated cathodes for electron beam welding applications 

Colin Ribton, Paul Plumb  

 
Electron guns for processing applications typically use a thermionic cathode as the source of 

electrons, where the cathode is a resistively heated refractory metal ribbon. In order to keep the heat 
input to the gun reasonably low, a thin ribbon is desirable but is prone to distortion during use, and a 
ribbon of any thickness will evaporate at the temperatures required for electron emission, such that the 
surface will regress. The beam characteristics are dependent on the maintenance of tight dimensional 
tolerances around the cathode, so ribbon cathode lifetimes are often limited to some 12 hours. Changing 
the cathode necessitates equipment down time, and requalification of the equipment to verify its 
production readiness, leading to lower productivity. TWI have examined an alternative approach by 
using a button shaped cathode made of lanthanum hexaboride (LaB6). This material has a higher 
electron emissivity than refractory metals but at a temperature 1000C lower. As a consequence of this 
and the physical properties of LaB6, evaporation is negligible. The button was heated with a laser. The 
approach has been applied to a number of different electron guns, from 3 kW triodes at 60 kV up to a 
15 0kV, 100 kW diode gun. Modelling and experimental work have been carried out on a number of 
cathode holder designs. The laser heated cathode system has been fitted to a number of commercially 
available electron beam systems for welding and powder bed additive manufacturing. 
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Introduction 
The most commonly deployed electron gun type for 

welding and additive manufacture is a triode with a 
directly heated thermionic tungsten ribbon filament. 
Thermionic emitters are those where the temperature of 
the cathode is increased to an extent that a small 
proportion of the electrons within the material can 
escape the potential barrier at the surface (known as the 
work function). Tungsten is often used as a cathode 
material as it has a high melting point, and can therefore 
be operated at high temperatures giving reasonable 
electron emission densities. ’Directly heated’ refers to 
a heater current (quite separate from the emission 
current) which is passed through the cathode to 
resistively heat it to a sufficient temperature for the 
required electron emission. A ribbon filament is a 
convenient geometry to pass the current through the 
cathode – it is thin, so the heater current is kept to a 
reasonable level, and it can also be formed into a 
flattened ‘A’ shape, with electrons being drawn from 

the flat front face. In a triode, the cathode is heated to a 
high emission temperature – this would give some 
70mA/mm2 of maximum beam current, but the bias 
electrode introduces a modified electric field in front of 
the cathode. This limits the number of electrons that 
contribute to the beam current, as it forms a potential 
barrier in front of the cathode (i.e. additional to the 
work function at the surface) and many of the electrons 
that have sufficient energy to escape the surface of the 
cathode have insufficient energy to overcome this 
second barrier and are pushed back onto the cathode. 
By varying the voltage on the bias electrode, more or 
less electrons are let through to join the beam. 

Ribbon cathodes can distort and this geometrical 
change can affect beam characteristics. Distortion 
occurs due to the elevated temperature, thermal 
expansion and relaxation of residual stresses during 
forming. In addition, tungsten evaporates at emission 
temperatures with a surface regression rate of 
approximately 1 micron per hour. For many 
applications, the change in beam characteristics seen 
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with a 10 micron change in the geometry between the 
cathode and the grid cup is sufficient to warrant 
replacement of the cathode after 10 hours of operation. 

Indirectly heated cathodes are made from thicker 
pieces of material. They are less prone to distortion. 
Configurations have been made with a bolt cathode, 
heated by an electron beam radiated inwardly from a 
primary filament coil. Another popular configuration is 
a button cathode with a spiral ‘pancake’ coil placed 
behind it. In both configurations, both a primary 
filament current and a back bombardment acceleration 
voltage, both elevated at the accelerating voltage, must 
be supplied to generate the cathode heating. This can 
make the high voltage power supply, and the high 
voltage insulator at the electron gun more specialised 
and more expensive.  

Diode guns offer an alternative electron gun 
configuration. In a diode gun the electron beam current 
is controlled by the temperature to which the cathode is 
heated. As there is no bias electrode, the dimensional 
tolerances for the cathode are more relaxed. However, 
it is necessary to select emission from only the front 
face of the cathode, as emission from side faces 
contributes to beam aberration as it is non-laminar with 
the main beam. This selection is carried out by 
mounting the cathode with a guard ring, or in a close 
fitting holder. The guard ring is made from a material 
with a significantly higher work function than the 
cathode material, so that it does not emit electrons 
when the cathode is at operational temperature. Ribbon 
cathodes are rarely used for diode cathodes, as guarding 
emission from the ribbon legs and sides is not readily 
implemented. Most diodes operate with an indirectly 
heated cathode. As diode guns do not require a bias 
power supply, they can simplify the high voltage power 
supply and gun insulator. 

This work has explored the use of laser heated 
cathodes as an alternative to back bombardment 
cathodes and has investigated their use in both diode 
and triode guns. 

Objectives 
The objectives of this work were: 

• To determine the design parameters for a laser 
heated cathode in diode and triode electron guns; 

• To develop a design of gun, gun vacuum enclosure 
and laser port to enable indirect heating; 

• To demonstrate indirectly heated cathodes for 
triodes and diode electron guns. 

 
 
 

Resources 
The work reported employed Opera software 

(version 15R3), pre and post processor and a space 
charge solver module for the simulation of cathode 
emission and the effect of gun geometry and electrical 
parameters on beam trajectories. The electron 
trajectories have then been analysed by TWI in-house 
software to determine the quality of the beam after 
passing through the electron optical system and 
projected to the work piece or, for powder bed additive 
manufacturing, the build chamber surface. Our in-
house references for this code are gun_charac18 and 
list_characs18. Gun tests have been carried out on TWI 
electron beam systems and also at Cambridge Vacuum 
Engineering. Lasers used in cathode heating have been 
single mode fibre lasers, with a collimator head from 
Raycus and IPG. 

Method 

Cathode materials 

The suitability of materials for making thermionic 
cathodes is dependent upon the stability of the material 
at the temperature necessary to achieve the require 
emission. The required temperature for emission is 
largely determined by the material work function, and 
this varies widely for different materials. An ideal 
material would have a low work function and a high 
melting point. This is shown graphically in Fig. 1. 

Fig. 1(a) shows the emissivity of materials 
calculated at their melting point. This gives some idea 
of the relative merit. In Fig. 1(b) the work function 
energy has been converted to an electron temperature. 
Materials are plotted for this characteristic versus their 
melting point temperature. A line has been drawn on 
both charts for the material emissivity of 5E4 A m2. On 
Fig. 1(a) this is a horizontal threshold line 
corresponding to this emissivity. On Fig. 1(b) the line 
is an exponential calculated using the Richardson – 
Dushman equation: 

𝐽 = 𝐴𝑇2𝑒
−𝜙
𝑘𝑇 , 

where J is the current density, T the cathode 
temperature, ϕ the material work function, k is the 
Boltzmann constant and A is the Richardson constant. 
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a) A comparison of materials emissivity at that materials 

melting point. 

 
b) Materials plotted as work function (in electron 

temperature) verses their melting point. The line shows a 
boundary where emissivity at melting point would be 5E4 A 

m2. 
Fig. 1. Comparison of potential cathode materials. 

 

Cathode design for diodes 

As previously described, cathodes in a diode gun 
need to be fitted with a guard ring, made of a material 
which can operate at the cathode emission temperature, 
but which has a work function much higher than the 
cathode, so that it is not emitting any significant beam 
current. If lanthanum hexaboride is used as the cathode 
material, with its relatively low work function, then 
there is a choice of refractory metals that could be used 
as guard rings. However, there is evidence in the 
literature of problems if lanthanum hexaboride is 
operated as a cathode in contact with at least one of the 
refractory metals, vis tantalum [insert reference to 
boron migration], although to date we have not 

observed erosion of the cathode that could be attributed 
to this effect. 

The design involves a cathode button held such that 
its sides are completely shrouded such that electron 
emission is only from the front face. This is shown in 
an axi-symmetrical model in Fig. 2. 

 

 
Fig. 2. An axisymmetric model of a diode gun cathode. 

The mount of the cathode requires that the button is 
held and remains securely mounted after cycling 
between room temperature and operating temperature. 
It is also desirable to limit the thermal conduction from 
the cathode, so that the power required of the heating 
laser is not too high, and thereby keeping he system 
cost-effective. Finally, the heating laser needs to 
impinge upon the back face of the cathode, also to make 
heating efficient. 

 

Cathode design for triodes 

Cathodes designed for triodes are simpler as they do 
not require a guard ring. The reason for this can be seen 
in figure 3, showing an axisymmetric model of a triode 
gun, and detailing the cathode and bias cup hole. The -
60kV isopotential line is shown. It runs along the 
cathode surface as would be expected as this is a 
conducting solid in a near electro-static scenario. 
However, there is also a -60kV isopotential line that is 
between the cathode and the bias cup, as the bias cup is 
at a more negative voltage. This isopotential meets the 
other at a triple point on the cathode surface. In front of 
the cathode surface, from the axis to the triple point, the 
electric field at the cathode surface accelerates 
electrons away from the cathode and into the electron 
beam that is accelerated through the anode and passes 
on to the electron optics and ultimately to the work 
piece in the chamber. Moving radially outward from 
the triple point position on the cathode surface 
outwards, the electric field direction is such as to 
accelerate the electrons emitted from the cathode 
surface back onto that surface. 
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Fig. 3. An axisymmetric model (half-section) of a triode 

gun, and detailing the cathode and bias cup hole. 

 
This effect means that in a triode gun, the bias cup 

field can iris the cathode emission, and prevent side 
emission from the cathode. This is why cathodes for 
triode guns do not require a guard ring. 

An example of a cathode designed for use in a triode 
electron gun for powder bed additive manufacturing is 
shown in Fig. 4. A lanthanum hexaboride rod of 1.5 
mm diameter is clamped between two graphite collets, 
and these are held in compression at the end of a 
tantalum tube. The collets and tube provide a thermal 
break between the cathode and the gun body. The tube 
allows access for a laser beam to heat the lanthanum 
hexaboride rod from the back of the gun. 

 
Fig. 4. A cathode designed for use in a triode electron gun 

used for powder bed additive manufacturing. 

Laser port design 

The advantage of using a laser to heat the cathode is 
that specialised high voltage power supplies and high 

voltage feedthroughs from the gun are simplified. The 
laser power required in our experiments has been in the 
region of 50 W, and it has been found convenient to use 
a fibre laser so that the laser itself can be mounted with 
the other control electronics and the laser power 
conveyed through a fibre to the gun enclosure. The 
lasers used have had wavelengths of 1070 nm to 1100 
nm. 

The laser beam passes through the vacuum in the 
gun enclosure and impinges on the back of the cathode. 
The laser beam is defocused to avoid a too high 
intensity which would otherwise ablate the cathode 
back surface, or cause thermal shock which could crack 
the material. 

To give a degree of adjustment of the laser spot size 
the laser port has been constructed from the following 
components shown in Fig. 5. The laser is specified to 
have the fibre terminated with a collimator. This 
produces a parallel laser beam of some 7 mm diameter. 
The collimator is mounted in a tube with a convergent 
lens at a fixed distance from it. This tube is able to slide 
to allow the distance from the lens to the cathode back 
surface to be adjusted, and generally we have selected 
a lens and a cathode distance such that the beam is 
around 1mm diameter at the cathode back surface. In 
use, this has been found to not cause any visible 
detriment to the cathode back surface. 

The port also includes a laser window to pass the 
laser from atmospheric pressure into the gun vacuum 
enclosure. All of the laser optics are specified to have 
an anti-reflective coating. We have frequently 
inspected the window to see if there is any coating from 
vapour – but this has not been observed in operation, 
and the window life has been demonstrated over many 
hundreds of hours of operation. 

 
Fig. 5. Laser port design for laser heated cathodes in 

electron guns. 
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Electron gun examples 

Diode gun for additive manufacture: Freemelt AB 
commissioned TWI to design an electron gun for their 
Freemelt ONE system – an additive manufacturing 
machine. This system is shown in Fig. 6. The gun 
generates an intense beam to give high resolution 
printing in the powder bed. The beam diameter is ~200 
micron full width half power over the full power range 
(6 kW). 

Triode gun for additive manufacture: TWI were 
commissioned to provide an electron beam gun for a 
large-scale powder bed additive manufacturing 
machines. In this case, the client required rapid beam 
pulsing – so a triode configuration was chosen. The 
cathode is heated with a laser, and a control system 
ensured that the cathode was heated sufficiently to 
ensure the gun was operated in the space charge limited 
region – this was achieved by monitoring the bias 
voltage required to give a beam current and the laser 
power adjusted accordingly. At processing powers the 
beam diameter has an optimum width of 150 micron, 
this increasing with increasing beam power. 

 
Fig. 6. Freemelt ONE system for additive manufacture in a 

powder bed, with a laser heated diode electron gun. 

Diode gun for thick section welding: TWI have 
previously used back bombardment heating for their 

100 kW, 150 kV diode gun used for thick section 
welding (e.g. single pass 200 mm thick steel). This gun 
has used a tantalum mounted lanthanum hexaboride 
button of 3.2 mm diameter. The back bombardment 
elements of the gun were removed and the laser port 
fitted to the gun enclosure, see Fig. 7. 

 

 
Fig. 7. TWI’s 100 kW, 150 kV diode electron gun with laser 

heated cathode. 

Conclusion 
The work reported has shown: 

• A review of cathode types for electron guns used 
for welding and additive manufacture; 

• Laser heating is a viable form of indirect heating of 
cathodes for both triode and diode guns; 

• Special consideration, in terms of material choice 
and cathode construction, must be given to the 
design of cathodes for diodes over those for triodes; 

• Laser heated cathodes offer a simpler and cheaper 
approach to indirectly heated cathodes than using a 
back bombardment method.  
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